Introduction
Hydrolytic enzymes such as lipases and proteases are widely used to produce homochiral compounds from racemates via enantiomeric discrimi-nation or from prochiral or meso compounds via enantiotopic differentiation (Drauz and Waldmann, 1995; Faber, 1995) . The resolution of racemic compounds via hydrolysis in aqueous media or (trans)esterification in organic media cannot always be achieved in a highly enantioselective manner. The enantioselectivity can be improved by several methods, e.g., the screening of enzymes, the modification of substrates, or the modulation of reaction conditions. So far much attention has been paid to the effect of solvents (Koskinen and Klibanov, 1996) . However, little has been investigated on the effect of temperature on the stereoselectivity of enzymatic transformations, though temperature is an easily controllable parameter in the experimental conditions (Keinan et al., 1986; Lam et al., 1986; Pham and Phillips, 1990; Andrade et al., 1991; Holmberg and Hult, 1991; Yasufuku and Ueji, 1995) . In this communication, we wish to report our experimental results supporting further the fact that in enzymatic reactions also the temperature effect on enantioselectivity can be treated in the same way as in the ordinary chemical reactions.
Materials and methods
Aspergillus oryzae protease (protease A) was obtained from Amano Pharmaceutical Co. (Japan).
Preparation of amino acid isobutyl esters
The method for preparing amino acid methyl esters (Brenner and Huber, 1953) was modified as illustrated below by the preparation of DL-2-aminobutanoic acid (Abu) isobutyl ester hydrochloride. Thionyl chloride (16 ml) was added dropwise below 0°C under stirring to 2-methyl-1-propanol (98 ml) which had been precooled to -10°C. After 15 min, DL-Abu (4.46 g) was added and the reaction mixture was stirred at 50°C for 60 h. The mixture was evaporated under reduced pressure, and the residue was recrystallized from ethyl acetate -petroleum ether to yield white needles; 7.25 g (86%); mp 66-68°C, satisfactory elemental analysis.
Microbial protease-catalyzed hydrolysis of amino acid esters An amino acid ester hydrochloride (0.4 mmol) was dissolved in 2.5 ml of 0.1 M phosphate buffer (pH 7). The pH was adjusted to 7.0 with 0.5 M NaOH. On the other hand, a protease preparation (20 mg) was added to 1 ml of the same buffer, mixed up and centrifuged, and 0.5 ml of the supernatant was added to the above substrate solution. The resulting mixture was stirred at the appropriate temperature from 5 to 45°C. The pH was maintained at 7 by automatic titration with 0.1 M NaOH using an AUT-1 automatic pH titrator equipped with an ABT-1 automatic burette (TOA Electronics, Japan). The progress of the reaction was followed by the consumption of the alkali. After the desired degree of conversion, the reaction mixture was treated as usual to separate the liberated amino acid.
Chiral HPLC analysis
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Marked dependence on temperature of enantioselectivity in the Aspergillus oryzae protease-catalyzed hydrolysis of amino acid esters T. Miyazawa,* K. Imagawa, R. Yanagihara, and T. Yamada Department of Chemistry, Faculty of Science, Konan University, Higashinada-ku, Kobe 658, Japan
In the Aspergillus oryzae protease-catalyzed enantioselective hydrolysis of amino acid esters, linear relationships were observed between -RTlnE and T, where E = enantiomeric ratio and T = absolute temperature. According to this temperature dependence, the E value of 11 at 45°C was enhanced to 140 at 5°C in a typical example.
LC-10AS equipped with a Rheodyne 7725i sample injector, an SPD-10A variable wavelength UV monitor and a Chromatopac C-R6A data processor under the following conditions: mobile phase, 1 mM copper(II) sulfate in water -2-propanol (98: 2 or 985: 15, v/v); flow rate, 1 ml min -1; column temperature, 30°C; detection, at 254 nm.
Results and discussion
It is widely believed that in enzymatic reactions, as in the conventional chemical reactions, higher temperatures lead to lower enantioselectivity (and vice versa); this has been supported by some experimental results (Keinan et al., 1986; Lam et al., 1986) . However, higher enantioselectivity at higher temperatures was observed recently in the oxidation of secondary alcohols catalyzed by a dehydrogenase from Thermoanaero-bacter ethanolicus which is thermostable to at least 70°C (Pham and Phillips, 1990) . A rational understanding of such a temperature effect on enantioselectivity was also proposed (Phillips, 1992 (Phillips, , 1996 . The enantioselectivity of an enzymatic reaction is usually evaluated by the enantiomeric ratio, E (Chen et al., 1982) . This value is defined as the ratio of the specificity constants, k cat /K m, between the enantiomers:
Thus, -RTlnE corresponds to the difference in the activation free energy (⌬⌬G ‡ ) between the enantiomers: -RTlnE = ⌬⌬G ‡ . The temperature dependence of ⌬⌬G ‡ can be given by the equation ⌬⌬G ‡ = ⌬⌬H ‡ -T⌬⌬S ‡ . Thus, when -RTlnE is plotted against T, a straight line should be obtained. If the 'racemic temperature' (T r ), at which no enantiomeric discrimination occurs, is high above ordinary temperatures, the enantioselectivity will increase with decreasing temperature.
As the majority of enzymes used for biotransformations are not thermally stable, reactions at higher temperatures are restricted, but lowering temperature seems to have less operational limits. We examined the possibility of improving the enantio-selectivity by lowering temperature in the enantioselective hydrolysis of esters of non-protein amino acids catalyzed by microbial proteases, e.g., Aspergillus oryzae protease. In the hydrolysis of phenylalanine derivatives, the use of the isobutyl ester instead of the conventional methyl ester resulted in a considerable reduction of hydrolysis time and a marked enhancement of enantioselectivity (Miyazawa et al., 1997b) . This was also the case with some amino acids carrying aliphatic side chains. In cases in which the enantioselectivity was not high enough at ordinary temperature (25°C), we intended to improve it by changing temperature (5-45°C). As shown in Fig. 1 , when -RTlnE obtained from the E value at each temperature was plotted against T, straight lines were obtained for the hydrolysis of the isobutyl esters of 2-aminobutanoic acid (Abu) and 2-aminopentanoic acid (norvaline, Nva). The existence of a linear relationship between -RTlnE and T indicates that the temperature effect on the enantioselectivity of this enzymatic hydrolysis is governed by the above-mentioned equation and the enzyme retains its active conformation in the temperature range examined. In both the cases, T r 's were high (80°C for Abu; 93°C for Nva); thus, when the reaction temperature was lowered from 25 to 5°C, the hydrolysis time became much longer, but a largely enhanced enantioselectivity was obtained in each case.
In summary, in cases in which T r exists above ordinary temperatures (this must be often the case), there is the possibility of improving the enantioselectivity by conducting the reaction at lower temperature, though the effectiveness is dependent on the slope of the plot of -RTlnE against T, i.e., ⌬⌬S ‡ . In the reactions conducted in water with organic cosolvents or in organic solvents, it is usually possible to lower the temperature even below 0°C, which may lead to a significant enhancement of enantioselectivity.
Figure 1
Influence of temperature (T) on the difference in the activation free energy (⌬⌬G ‡ = -RTlnE) between the enantiomers for the Aspergillus oryzae protease-catalyzed hydrolysis of the isobutyl esters of 2-aminobutanoic acid (square; E = 6.4 at 45°C, 14 at 25°C, 78 at 5°C) and 2-aminopentanoic acid (circle; E = 11 at 45°C, 15 at35°C, 31 at 25°C, 53 at 15°C, 140 at 5°C).
